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Abstract. Globally, there have been many extreme weather
events in recent decades. A challenge has been to deter-
mine whether these extreme weather events have increased
in number and intensity compared to the past. This challenge
is made more difficult due to the lack of long-term instru-
mental data, particularly in terms of river discharge, in many
regions including Southeast Asia. Thus our main aim in this
paper is to develop a river basin scale approach for assessing
interannual hydrometeorological and discharge variability on
long, palaeological, time scales. For the development of the
basin-wide approach, we used the Mekong River basin as a
case study area, although the approach is also intended to be
applicable to other basins. Firstly, we derived a basin-wide
Palmer Drought Severity Index (PDSI) from the Monsoon
Asia Drought Atlas (MADA). Secondly, we compared the
basin-wide PDSI with measured discharge to validate our ap-
proach. Thirdly, we used basin-wide PDSI to analyse the hy-
drometeorology and discharge of the case study area over the
study period of 1300–2005. For the discharge-MADA com-
parison and hydrometeorological analyses, we used methods
such as linear correlations, smoothing, moving window vari-
ances, Levene type tests for variances, and wavelet analyses.
We found that the developed basin-wide approach based on
MADA can be used for assessing long-term average condi-
tions and interannual variability for river basin hydrometeo-
rology and discharge. It provides a tool for studying interan-
nual discharge variability on a palaeological time scale, and
therefore the approach contributes to a better understanding
of discharge variability during the most recent decades. Our
case study revealed that the Mekong has experienced excep-
tional levels of interannual variability during the post-1950
period, which could not be observed in any other part of
the study period. The increased variability was found to be
at least partly associated with increased El Niño Southern
Oscillation (ENSO) activity.
1 Introduction
Globally, the last decade has been a decade of extreme
weather events, with record breaking events being observed
in many regions of the world (Coumou and Rahmstorf,
2012). The Intergovernmental Panel on Climate Change
(IPCC) reports that globally there is evidence that the num-
ber of weather and climate extremes, of warm spells or heat
waves and heavy precipitation, has increased since 1950,
but that large regional differences exist (IPCC, 2012). Many
of these changes have been linked to anthropogenic global
warming but also to natural climate variability (IPCC, 2012).
Due to the limited availability of long-term observed records
of climatological and hydrological parameters, a major chal-
lenge has been determining whether the frequency or in-
tensity of extreme events have increased (IPCC, 2012). To
overcome this deficiency, data periods have been extended
by reconstructing past climates with palaeoclimate proxies
(e.g. Dobrovolny et al., 2010; Cook et al., 2007).
In terms of floods, there is limited evidence of climate
driven changes in the magnitudes and frequencies at regional
Published by Copernicus Publications on behalf of the European Geosciences Union.
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and global scales (IPCC, 2012). Some palaeohydrological
modelling efforts have been carried out to try to examine
Holocene discharge changes compared to recent (and fu-
ture) changes (e.g. Bogaart et al., 2003; Notebaert et al.,
2011; Renssen et al., 2007; Ward et al., 2008, 2011). Aerts
et al. (2006), for example, simulated river discharge for 15
large river basins around the globe over the period 9000 BP
to 2100 AD, and found that for many of the basins the pro-
jected change in mean annual discharge during the 21st cen-
tury is of similar magnitude, or larger, than the change during
the last 9000 yr. However, these past studies only examine
long-term changes in average flows, and do not specifically
address variability. Also, little is known on how recent hy-
drological variation compares to hydrological variability on
the palaeological time scale.
For monsoon regions, there remains considerable uncer-
tainty with regards to the current understanding on climate
change related extreme events (IPCC, 2012). However, the
recently developed Monsoon Asia Drought Atlas (MADA)
(Cook et al., 2010) may provide important information on
monsoon variability at the centennial scale. The MADA is a
Monsoon Asia-wide Palmer Drought Severity Index (PDSI)
dataset describing summer monsoon conditions over the pe-
riod 1300–2005. To date, the MADA has been applied and
investigated in just a few studies (e.g. Bell et al., 2011; An-
chukaitis et al., 2010; Fang et al., 2013; Ummenhofer et al.,
2013), but none of these have used MADA on a river basin
scale, linked it to discharge variability or examined in detail
how well it can be used for the investigation of hydromete-
orological variability induced by phenomena such as the El
Niño Southern Oscillation (ENSO).
We believe that it is very important to understand the
current hydroclimate and river discharge variability from a
palaeological perspective in Monsoon Asia, as the region is
home to more than half of the world’s population, and a large
part of their livelihoods, and moreover food security is based
on local hydroclimatological conditions (see e.g. Wassmann
et al., 2009). If the current variability can be put into a longer
time perspective, we believe that it would help to understand
the stresses of possible changes in hydroclimatic variability
on aquatic ecosystems, traditional livelihoods and other so-
cietal functions.
In this paper our aim is thus to develop an approach for
assessing the long-term variability of hydrometeorological
conditions and river discharge in large river basins in Mon-
soon Asia. The approach can be used to increase the under-
standing of the most recent interannual hydrometeorology
and discharge variability, and placing this is in a longer palae-
ological time scale. Thus, the approach aims to contribute to
the filling of the research gap on the limited evidence with re-
gards to discharge changes during recent decades (see IPCC,
2012). The approach we develop is based on the MADA
dataset, and it has three main steps: (i) constructing a basin-
wide PDSI from MADA; (ii) comparing the characteristics
of the basin-wide PDSI with observed discharge in order to
validate the approach; and (iii) analysing the variability of
recent decades on a palaeological time scale of 700 yr. To
achieve these steps successfully, we used various statistical
and signal analysis methods.
We selected the Mekong River basin as a case study to test
our approach, as the Mekong’s climate is strongly influenced
by the Asian monsoon (Delgado et al., 2012); the basin has
experienced very wet and very dry years in recent decades
(Te, 2007; MRC, 2010, 2011a, b); and there is good MADA
and discharge data coverage in the basin. The annual flood
pulse, as well as droughts, play a key role in the Mekong
Basin, as the region’s ecosystems, livelihoods, and economic
activities are largely based on rainfed agriculture and aquatic
ecosystems (MRC, 2010; Baran and Myschowoda, 2009;
Chinvanno et al., 2008). It is thus important to understand the
hydrometeorological and discharge variability in the basin.
2 Case study area and past research
2.1 The Mekong Basin
The Mekong River basin (Fig. 1) is the largest basin in South-
east Asia. It originates from the high elevations of the Ti-
betan Plateau and flows approximately 4800 km before dis-
charging its waters into the South China Sea (MRC, 2005).
The land area of the basin is 795 000 km2, and is shared
by China (21 % of total land area), Myanmar (3 %), Thai-
land (23 %), Lao PDR (25 %), Cambodia (20 %) and Vietnam
(8 %) (MRC, 2005).
The climate of the Mekong is characterised by wet and
dry seasons generated by the southwest (May–October) and
northeast monsoons (November–April) (MRC, 2005). The
annual average rainfall of the Mekong Basin is approxi-
mately 1400 mm, ranging from 300 to 3000 mm between in-
dividual measurement stations (Räs̈anen and Kummu, 2013).
The driest parts of the basin are located in the far north in
the Tibetan Plateau and the wettest parts can be found in the
east close to the Annamite mountain range (see locations in
Fig. 1). The majority of the rainfall occurs during the months
of the southwest monsoon, which leads to an annual hydro-
graph with a pulsing nature. Low flows are experienced in
March–April (on average 1800 m3 s−1 at Stung Treng; see lo-
cation in Fig. 1) and high flows in August–September (on av-
erage 41 000 m3 s−1 at Stung Treng) (R̈as̈anen and Kummu,
2013). The annual average discharge of the Mekong is ap-
proximately 14 500 m3 s−1, or 475 km3 yr−1 (MRC, 2005).
The Mekong’s hydrological regime, with its annual flood
pulse, has created a river basin rich in biodiversity (Junk et
al., 2006) with highly productive aquatic ecosystems (Lam-
berts, 2008). These aquatic ecosystems support one of the
world’s richest inland fisheries (Baran and Myschowoda,
2009) and are the source of livelihoods and food for millions
of people (Hortle, 2007; MRC, 2010). Intra-annual variation
between wet and dry periods has also shaped the region’s
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Fig. 1. The Mekong River basin and the MADA PDSI grid cells
(Cook et al., 2010) used in this study. The blue shaded area is the
catchment area for the Stung Treng discharge measurement station.
agriculture, which is the single most important livelihood in
the Mekong Region (MRC, 2010). The region’s food pro-
duction and livelihoods have co-developed with the monsoon
climate and are therefore susceptible to variations in it, for
example, the timing, length, and magnitude of the monsoon
season and flood pulse affect agricultural production (MRC,
2010; Chinvanno et al., 2008) as well as fishing (Baran and
Myschowoda, 2009).
2.2 Past research
Recent research concludes that the variability of Mekong dis-
charge has increased during the 20th century. Delgado et
al. (2010) found that the variability in flows and likelihood
of extreme floods increased during the last half of the 20th
century, whilst the probability of average floods decreased.
The increase in variability is linked to changes in the west-
ern North Pacific Monsoon (WNPM) (Delgado et al., 2012),
which has become more variable since the late 1970s (Wang
et al., 2001). The WNPM is coupled with ENSO (Wang et
al., 2008), whose magnitude and periodicity have increased
since the late 1970s (Wang et al., 2008). Although there are
clear indicators of a recent increase in hydrological variabil-
ity in the Mekong, there is no comprehensive understand-
ing of whether this recent variability falls within the normal
long-term range of variability. Moreover, in their research,
Delgado et al. (2010, 2012) used observed discharge, which
may be affected by direct human activities, such as irrigation,
reservoir operation and land cover changes.
In mainland Southeast Asia there are few studies focusing
on long-term climate variability (Buckley et al., 2007, 2010;
Fan et al., 2008; Sano et al., 2009; Fang et al., 2010; Cook
et al., 2010). With the exception of the study by Buckley
et al. (2007), these are based on a methodology where tree
ring chronologies are used to reconstruct past climates us-
ing the Palmer Drought Severity Index (PDSI). The study by
Buckley et al. (2007) did not use PDSI in the reconstruction,
and focused mainly on interpreting the tree ring chronology.
The common finding of these studies is that of multi-year or
decadal scale variations in climate. The studies listed above
cover varying geographical regions and time periods; do not
investigate climate variability at the river basin scale; and do
not address the recent changes in climate variability in light
of the longer time perspective. In this paper we aim to apply
our newly developed approach to bridge these two groups
of studies (recent variability studies based on discharge and
palaeoclimate studies based on tree ring chronologies).
3 Data and methodology
The development of the approach to assess the long-term
variability of hydrometeorological conditions and discharge
at the river basin scale is based on three parts: (i) calcu-
lation of basin averaged PDSI from MADA (Cook et al.,
2010); (ii) comparison of basin averaged PDSI with dis-
charge; and (iii) long-term analysis of hydrometeorological
variability. The development of the approach was carried out
using the Mekong River basin as a case study, but the ap-
proach itself is intended to be applicable to other river basins
in Asia covered by MADA. The data and methodologies used
in the analysis of the case study area are described in the fol-
lowing sections.
3.1 Data
The original PDSI data in MADA were reconstructed by
Cook et al. (2010) using tree ring records from more than
300 sites in Asia, together with a gridded PDSI dataset (Dai
et al., 2004). The resulting MADA is a seasonalised grid-
ded PDSI dataset for the summer (June-July-August) with a
2.5° spatial resolution, covering Monsoon Asia over the pe-
riod 1300–2005. The method for reconstruction of the grid-
ded dataset was based on a point by point regression method.
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PDSI is a widely used index for describing meteorological
drought and wetness (Heim, 2002; Dai et al., 2004), and was
originally developed by Palmer (1965). The PDSI is based
on precipitation and temperature, which are used in the cal-
culation of atmospheric moisture demand at the soil surface.
A major benefit of the PDSI in long-term climate and hy-
drometeorological analyses is that it is based on meteorolog-
ical factors and thus reflects only the variations in climate,
excluding the potential influences of land use changes, dam
construction, and irrigation, which may be contained, for ex-
ample, in discharge data. In general, MADA provides an im-
portant means for understanding climate in Monsoon Asia
and it has already proven to be useful for this purpose (Wahl
and Morrill, 2010; Bell et al., 2011). The MADA dataset was
obtained from NOAA’s palaeoclimatology online database
(NOAA, 2010).
For our analyses we used the MADA PDSI dataset to
derive basin averaged PDSI for the entire Mekong Basin
(PDSIM) and for the part of the basin upstream from Stung
Treng measurement station (PDSIST), being a reliable down-
stream station before the Cambodian floodplains (see loca-
tion in Fig. 1). The catchment area upstream from Stung
Treng covers 79 % of the Mekong Basin. The PDSIST and
PDSIM were calculated as area weighted sums of the MADA
PDSI grid cells that are fully or partly inside the specific
catchment area (see location of used MADA grid cells in
Fig. 1). This resulted in two time series, PDSIM and PDSIST,
describing the summer (June-July-August) monsoon condi-
tions of the Mekong basin and the Stung Treng catchment
over the period 1300–2005.
Daily discharge data from Stung Treng were obtained from
the Mekong River Commission’s quality assured database
(MRC, 2011c). The discharge data cover the period 1910–
2005, but the period before 1952 is known to be less reliable
(Erland Jenssen, Mekong River Commission, personal com-
munication, 26 April 2010). This first part (1910–1952) of
the time series is lacking a rating curve and the actual dis-
charge has been calculated retrospectively with rating curves
defined after the year 1952. Therefore, the first part of the
time series may contain inaccuracies in flow volumes but
we expected that the data still contain the interannual dis-
charge variability. For the final analyses the daily discharge
data were transformed into cumulative flows of hydrologi-
cal years, which were defined as the beginning of May to
the end of April of the next year, following Kummu and
Sarkkula (2008). The cumulative flows of hydrological years
were used as indicators for monsoon conditions similarly as
the PDSIM and PDSIST. For the analysis of PDSIT, PDSIM
and discharge of hydrological years, the data were standard-
ised using standard scores.
3.2 Methods
Firstly, we compared the PDSIT with the discharge mea-
surements from Stung Treng over the period 1910–2005. In
the comparison we used visual examination; local regression
moothing (LOESS) to examine patterns in long-term av-
erage conditions; moving window variance to visualise the
changes in the total variance in time; the Levene type test
for linear trends in variances to determine whether there are
statistically significant increases in the total variances; con-
tinuous wavelet transform (CWT) to identify variability pat-
terns and their temporal variations in frequency domain; and
wavelet coherency (WCO) to examine the coherence of the
variability patterns in PDSIST and discharge in frequency do-
main. Secondly, we analysed the long-term hydrometeoro-
logical conditions of the Mekong Basin using PDSIM over
the period 1300–2005. In the analysis of PDSIM , we used
LOESS smoothed data to identify prolonged dry and wet
epochs; CWT to identify variability patterns and their tempo-
ral variations in frequency domain; moving window variance
to visualise the changes in the total variance in time; and the
Levene test for equality of variances to examine the changes
in the total variances during the period 1300–2005. Below,
these methods are briefly introduced.
3.2.1 LOESS smoothing
The local regression (LOESS) (Cleveland, 1979; Cleveland
and Devlin, 1988) was used for smoothing the PDSIST,
PDSIM , and discharge time series. The purpose of the
smoothing was to examine long-term patterns in average con-
ditions. LOESS is a model that uses multiple regression mod-
els to fit a function on a time series with ann length subset
of the time series data. By fitting the function on the original
data, the result is a smoothed time series and the degree of
smoothing depends onn. In this study we usedn= 21, as it
was found to adequately remove short-term variation and to
reveal long-term patterns.
3.2.2 Tests for linear trends and homogeneity of
variances
We used a Levene type of test for linear trend in group vari-
ances (Gastwirth et al., 2009) to define whether the PDSIST
and discharge at Stung Treng have trends in their variances
in 1910–2005 period. The test was based on the Levene’s
test for equality of variances of two groups (Levene, 1960),
but instead of two groups the test determines whether vari-
ances of several groups decrease or increase linearly. In our
test we divided the data from the period 1910–2005 into
eight groups (n= 12) and determined whether there is a lin-
ear trend in group variances. The original Levene’s test was
also modified to increase the robustness of the test by us-
ing group medians instead of group means as suggested by
Brown and Forsythe (1974) and by computing bootstrapp
values to adapt for the small number of data points (= 12)
as suggested by Lim and Loh (1996).
We also used the Levene’s test for equality of group
variances (Levene, 1960) to determine whether the PDSIM
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variance in the latest decades was higher than in other epochs
within the 1300–2005 study period. For this we divided the
PDSIM data into 50 yr periods and tested whether the last
period (1956–2005) has the highest levels of variance, in
a pair-wise manner, compared to each earlier 50 yr period.
Here, again, we used group medians instead of means to in-
crease the robustness of the test, as suggested by Brown and
Forsythe (1974).
3.2.3 Continuous wavelet transform (CWT) and
wavelet coherency (WCO)
The CWT was used to examine the recurring periodicities
and their relative strength in the time series, similarly to the
spectral analysis, but it also revealed the temporal locali-
sation of these periodicities (Torrence and Compo, 1998).
The WCO was used to assess the periodicities where two
time series co-vary and also analyse the temporal localisa-
tion of these co-variations and their phase relationships. Both
of these wavelet analyses were based on the Morlet wavelet
function with standard parameterisation from the wavelet
package developed by Grinsted et al. (2004). The wavelet
analyses were also complemented with variance analysis
with a 21 yr moving window. The statistical significances of
the variation in CWT and co-variation in WCO were tested
with a 5 % significance level. The null-hypothesis for the sig-
nificance test is that the data are normally distributed and can
be sufficiently described with the first order autoregressive
model (AR(1)). Therefore, prior to carrying out the CWT and
WCO analyses the normality and AR(1) assumptions were
examined using the Shapiro–Wilk test (Shapiro and Wilk,
1965) and partial autocorrelation plots with 5 % significance
levels. The AR(1) assumption in significance testing is im-
portant for CWT but less so for WCO (Grinsted et al., 2004).
The WCO further shows the phase relationships of two time
series (i.e. the potential timing difference) with arrows:→
in phase;← anti phase;↑ discharge leading PDSIT by 90°;
and↓ PDSIST leading discharge by 90°.
3.2.4 Identification of prolonged wet and dry epochs
The wet and dry epochs of multi-annual lengths were identi-
fied using LOESS smoothed PDSIM time series. Dry epochs
were defined as periods when smoothed PDSI values are be-
low −0.44, and wet epochs as periods when smoothed PDSI
values are above 0.44. These thresholds correspond approx-
imately to the upper and lower 15 % percentiles of the data,
similarly as the standardised annual PDSI values of 1 and
−1 represent the boundaries for upper and lower 15 % per-
centiles. The PDSI value−1 (+1) is commonly used to in-
dicate the threshold for moderate drought (wet spell), but it
is dependent on region specific standardisation of the index
(Alley, 1984). The resulting definition is somewhat arbitrary
but it is expected to serve the purpose of approximating the
major dry and wet epochs in a palaeoclimatological context.
Furthermore, we identified very wet and very dry individ-
ual years in annual PDSIM data using thresholds of 2 and−2
(i.e. two standard deviations), which are generally used to in-
dicate severe drought and wet spells (Alley, 1984). It is worth
noting that the traditional definition of drought does not ap-
ply here, as the MADA describes the conditions of the wet
monsoon months.
4 Results of the Mekong Basin case study
4.1 The comparison of PDSIST and discharge at Stung
Treng
To explore how the PDSI represents discharge in the
Mekong, we compared the PDSIST and discharge at Stung
Treng over the period 1910–2005 (Fig. 2a). The annual val-
ues of PDSIST and discharge show a statistically significant
correlation of 0.47 (p < 0.001), but some differences exist.
The PDSIST peaks seem to match the discharge peaks bet-
ter in the post-1935 period, when the correlation was 0.56
(p < 0.001). The correlation in the pre-1935 period was sta-
tistically not significant. It seems that in the pre-1935 period,
PDSIST and discharge have similar patterns in their varia-
tion but there is a timing difference between them: PDSIST
is leading discharge by two years. This was verified by
deleting the years 1937 and 1938 from PDSIST and mov-
ing the pre-1935 PDSIT data two years forward in time. By
this adjustment the correlation of the pre-1935 period was
0.38 (p = 0.058) and the correlation of 1910–2005 was 0.51
(p < 0.001). This adjustment of PDSIT was done here to
illustrate the timing difference and the rest of the analyses
in this paper are performed with the original PDSIST and
PDSIM .
When PDSIST and discharge were smoothed with LOESS
over the period 1910–2005, both time series showed similar
patterns (Fig. 2a). The smoothing reveals that the period from
the 1920s to the late 1950s was wetter than average, and the
period from the 1970s to late 1990s was drier than average.
The moving variances with a 21 yr moving window show that
the variance of PDSIST and discharge follow similar patterns,
and that the variances have increased during the 1910–2005
period (Fig. 2b). The Levene type test for linear trends in
variances confirmed the increased variance, both in PDSIST
and discharge (p < 0.01).
The CWT of PDSIST and discharge over the period 1910–
2005 show that both variables have recurring periodicities
with wavelengths of 4–7, 10–14, and 19–30 yr (Fig. 3a, b).
The periodicities on wavelengths of 4–7 yr were stronger
both in PDSIST and discharge during the 1910s–1930s,
1950s–1970s, and from the 1980s onwards, while the peri-
odicity of 10–14 yr was the strongest between the 1930s and
1960s. The periodicity of 19–30 yr is outside the cone of in-
fluence of the wavelet analysis, and therefore should not be
considered. An interesting feature in the CWT results is that
www.hydrol-earth-syst-sci.net/17/2069/2013/ Hydrol. Earth Syst. Sci., 17, 2069–2081, 2013








































































Fig. 2. Comparison of standardised basin averaged PDSI (PDSIST) and discharge for Stung Treng over the period 1910–2005:(A) annual
values and LOESS smoothed values; and(B) moving variances with a 21 yr window.
both PDSIST and discharge showed a remarkable increase
in periodicities of 2–7 yr in the post-1950 period (Fig. 3a
and b, respectively), which are also known to be the wave-
lengths for ENSO variability. The increase in periodicities on
wavelengths of 2–7 yr at least partly explains the increased
variance in the 1910–2005 period detected by the Levene
type test for linear trends variances. It is important to note
that the statistically significant areas for discharge shown by
the CWT (areas marked with black line in Fig. 3a) must
be viewed with caution as the partial autocorrelation plot
showed a significant peak at lag 5, suggesting the discharge
to be AR(5) process, which is against the AR(1) assumption
of the significance testing.
WCO conducted for PDSIT and discharge confirms that
the two time series co-vary in multiple frequencies (Fig. 3c).
Significant co-variation can be observed in WCO at wave-
lengths of 2–7, 10–14, and 19–30 yr (Fig. 3c). When the
WCO (Fig. 3c) is compared with CWT of PDSIT and dis-
charge (Fig. 3a, b), it can be observed that both PDSIST and
discharge have regions with high power coinciding with the
areas of co-variation. Strong co-variation with high powers
can be observed especially on wavelengths of 2–7 yr.
The phase arrows in the WCO (Fig. 3c) indicate that the
phase relationship between PDSIST and discharge was not
constant during the period of 1910–2005. For example, the
phase arrows at wavelengths of 4–7 yr show change from
PDSIST leading the discharge in the pre-1935 period to a
more in-phase relationship for the rest of the study period.
This indicates a timing difference between the PDSIST and
discharge time series in the early part of the time series.
The same timing difference can also be observed in the plot-
ted annual PDSIST and discharge data (Fig. 2a), where the
PDSIST and discharge show clear resemblance in their pat-
terns in the pre-1935 period, as the peaks in PDSIST are lead-
ing the discharge by two years.
4.2 Palaeological time scale hydrometeorological
variability in the Mekong
As shown in Sect. 4.1, a statistically significant relationship
was found between PDSIT and the Mekong’s discharge at
Stung Treng. Therefore, the PDSIM is expected to be a good
proxy for the whole Mekong basin’s hydrometeorology for
the period 1300–2005. The PDSIM for that period shows
clear prolonged wet and dry epochs in the Mekong’s hy-
drometeorology (Fig. 4a). The most distinguishable dry and
wet epochs are listed in Table 1. The recent dry epoch of
1977–1995 and the wet epoch of 1938–1955 were the most
significant epochs in the whole 1300–2005 period in terms
of their magnitude. The post-1950 period shows a consider-
able number of very dry years with (PDSIM <−2) while the
wet years (PDSIM >2) are more evenly distributed over the
study period (Table 1, Fig. 4a). The two wettest years during
the whole study period occurred, however, in 2000 and 2001
(Table 1, Fig. 4a).
The CWT (Fig. 4b) of the PDSIM revealed highly volatile
features in the Mekong’s hydrometeorology. Five periods
with different variation characteristics can be identified. First
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Table 1.Prolonged wet and dry epochs and individual dry and wet years in the Mekong Basin according to basing averaged PDSI (PDSIM)
derived from the Monsoon Asia drought Atlas (MADA). The wet and dry epochs were defined from smoothed PDSIM with values above
0.44 or below−0.44, respectively. These limits correspond to 15 % upper and lower percentiles. The individual dry and wet years were
defined as PDSIM values above 2 and below−2, which correspond to 2.5 % upper and lower percentiles.
Range of years/individual years
Dry epochs 1344–1365, 1405–1407, 1418–1423, 1479–1490, 1608–1610, 1630–1640, 1645–1648,
1670–1682, 1755–1769, 1870–1871, 1898–1902, 1977–1995
Individual dry years 1609, 1629, 1634, 1635, 1837, 1958, 1972, 1977, 1983, 1991, 1992, 1993, 1998, 2005
Wet epochs 1509–1520, 1586–1597, 1618–1625, 1655–1664, 1711–1734, 1781–1782, 1804–1811,
1925–1929, 1938–1955, 2003–onwards
Individual wet years 1375, 1511, 1600, 1625, 1657, 1662, 1713, 1715, 1730, 1780, 1808, 1809, 1829, 1861,
1928, 1951, 1971, 2000, 2001
is the 1300–1575 period, with relatively low variability and
dominant periodicities at wavelengths of 50–83 yr. The sec-
ond period, 1575–1680, has dominant periodicities with
wavelengths of 4–6 and 15–38 yr. The third period, 1680–
1780, is characterised again by dominant periodicities above
50 yr. The fourth period, 1780–1900, is characterised by
dominant periodicities in wavelengths of 4–7 yr. The fifth and
last period, 1900–2005, is characterised by dominant period-
icities in wavelengths of 4–7, 11–15, and above 50 yr. The
second half of the fifth period clearly stands out from the
whole study period with high variability at multiple wave-
lengths. Although the differences in variability between the
five periods can be reliably observed from the CWT (Fig. 4b),
the statistical significance test must be viewed with caution
as the PDSIM data were found to be closer to an AR(2) pro-
cess than AR(1).
The results from the moving window variance support the
CWT findings revealing varying variability in hydromete-
orological conditions over the 1300–2005 period (Fig. 4c).
The most distinct increases in variability were observed dur-
ing the 1575–1680 and 1950–2005 periods. The last period,
1950–2005, showed the highest levels of variability, partic-
ularly in the post-1950 period, which are not observed else-
where in the study period. The Levene test for equality of
variances confirmed that the variance in the post-1950 pe-
riod was higher than the variance in any of the earlier 50 yr
periods (Table 2).
5 Discussion
5.1 Basin-wide MADA PDSI approach
In this article we developed an approach for assessing the
river basin-wide hydrometeorological and discharge variabil-
ity on a palaeological time scale. The approach was tested in
the Mekong basin and it proved to be successful, especially
in describing prolonged dry and wet epochs and changes in
the interannual variability of the hydrometeorological condi-
tions and discharge. The approach is based on basin averaged
Table 2.The variances and statistical significance of the Levene test
for equality of variances for the 50 yr periods of PDSIM . The vari-
ance of each 50 yr period (within 1306–1955) was tested against
the variance of the period 1956–2005 in a pair-wise manner. Small
p values suggest that the variance of a particular period was signifi-
cantly lower than the variance of the period 1956–2005.
Period Variance p value
1306–1355 0.64 < 0.001
1356–1405 0.79 < 0.001
1406–1455 0.58 < 0.001
1456–1505 0.64 < 0.001
1506–1555 0.50 < 0.001
1556–1605 0.69 < 0.001
1606–1655 1.29 0.006
1656–1705 0.94 < 0.001
1706–1755 1.05 0.003
1756–1805 0.74 < 0.001
1806–1855 1.09 0.004
1856–1905 0.92 0.001
1906–1955 0.85 < 0.001
1956–2005 2.85 –
PDSI derived from MADA (Cook et al., 2010), which is then
validated with measured discharge of a basin in question. The
approach is not site specific but can be applied in other river
basins covered by MADA.
Dai and Trenberth (1998) and Dai et al. (2004) also
found that basin averaged PDSI is a good proxy for stream-
flow in their analysis of seven of the world’s largest river
basins. They found correlations varying from 0.6 to 0.8
between basin-averaged PDSI and streamflow (Dai et al.,
2004), whereas the correlation in our approach was 0.47.
However, Dai et al. (2004) used instrumental data, and did
not use palaeological proxy data to extend the analyses to
cover longer time scales. Moreover, they did not investigate
in detail how well the basin-wide PDSI corresponds with
the discharge, or what kind of variability characteristics the
basin-wide PDSI contains.
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Fig. 3. Comparison of basin averaged PDSI for Stung Treng catch-
ment area (PDSIST) and discharge at Stung Treng measurement sta-
tion over the period of 1910–2005 in frequency domain:(A) con-
tinuous wavelet transforms (CWT) for discharge;(B) CWT for
PDSIST; and (C) wavelet coherency (WCO) of discharge and
PDSIST. In tiles A and B, the increase in the power of the signal
is shown in colour change from blue towards red and in tile C the
colour change from blue towards red indicates increasing coherence
between PDSIST andQST. Statistically significant (5 %) areas are
marked with a black line. The significance test for discharge (tile A)
must be viewed with caution since the assumptions of the test are
not fully met as the discharge was found to follow an AR(5) process
which is against the AR(1) assumption. The arrows in tile C indicate
the phase difference (i.e. timing difference) between PDSIST and
discharge:→ in phase;←anti phase;↑ discharge leading PDSIST
by 90°; and↓ PDSIST leading discharge by 90°.
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Fig. 4. Long-term periodicity:(A) basin averaged PDSI of the
Mekong (PDSIM) for the period 1300-2005;(B) continuous wavelet
transform (CWT); and(C) moving variance of the PDSIM . In tile A,
the thin blue line represents annual values of PDSIM , while the thick
blue line represents the smoothing with LOESS; positive (negative)
PDSI values refer to wet (dry) years. The dots in tile A represent
the years when PDSIM values are larger than 2 or smaller than−2.
Prolonged dry and wet periods are also shown in tile A with blue
(wet) and orange (dry) shadings. In tile B, an increase in the power
of the periodicities is marked with a colour change from blue to
red and statistically significant periodicities (significance level 5 %)
are marked with a black line. The significance test of CWT (tile
B) must be viewed with caution since the assumptions of the test
are not fully met as the PDSIM was found to follow AR(2) process
which is against the AR(1) assumption.
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The use of PDSI in long-term drought trends has been crit-
icised by Sheffield et al. (2012). They found that standard
PDSI might give biased estimates on drought trends due to
the simplistic formulation of potential evaporation (PE) in
standard PDSI. They argue that more physically based meth-
ods should be used for defining PE. The MADA, however,
describes the wet monsoon conditions of June-July-August
when the variability is driven mainly by rainfall, and there-
fore it is not clear how significant the findings of Sheffield
et al. (2012) are for MADA. Furthermore, in the basin-wide
approach developed here we focused on interannual variabil-
ity (i.e. relatively short-term changes), which is not expected
to be affected by the findings of Sheffield et al. (2012) on
long-term trends in average conditions.
5.2 Basin-wide MADA PDSI approach for the Mekong
The comparison of PDSIT and discharge at Stung Treng (see
Sect.4.1) suggested that the basin averaged PDSI derived
from MADA (Cook et al., 2010) can be used as a proxy for
the interannual variability and long-term average conditions
of the Mekong main stem discharges. Both the PDSIST and
discharge had similar long-term patterns in average condi-
tions (Fig. 2a). At an annual scale, the PDSIST was found to
be a less robust proxy due to lower correlations and timing
difference between PDSIT and discharge in the pre-1935 pe-
riod. The CWT and WCO analyses of PDSIST and discharge
(Fig. 3) also revealed that they both contain similar variabil-
ity characteristics at several wavelengths.
The visual examination and WCO analysis of PDSIST and
discharge also revealed a phase difference where the PDSIST
was leading discharge by 2 yr. To confirm the quality of
the discharge data we compared the discharge measurements
from Stung Treng with discharge measurement from an up-
stream station at Pakse over the period 1923–2005, and did
not find any phase shifts between these two stations. The rea-
sons for the phase shift in the pre-1935 period could not be
further investigated, as there are no further hydrological data
available to compare with the PDSI data in early 20th cen-
tury. The phase difference does not, however, compromise
the use of the developed approach as a proxy for prolonged
dry and wet periods of interannual discharge variability in a
palaeological context. This is because the phase difference
was only a two year timing difference between the discharge
and PDSIST data, and otherwise the data showed good re-
semblance and correlation in time (Fig. 2) and frequency
domains (Fig. 3). But we suggest that great care should be
taken if the developed basin-wide approach should be used
as a proxy for discharges on annual resolution in time do-
main. The timing differences, at least, should be thoroughly
investigated.
The analyses carried out for the PDSIM for the period
1300–2005 revealed that the hydrometeorological conditions
of the Mekong have varied between prolonged wet and dry
epochs. The most recent epoch was one of the driest and had
several extremely dry years. The wet and dry epochs have
been reported earlier in the literature regarding mainland
Southeast Asia by Buckley et al. (2007), Fan et al. (2008),
Sano et al. (2009), Buckley et al. (2010), Fang et al. (2010),
and Cook et al. (2010). They report several distinct dry
and wet epochs, many of which coincide with our findings,
for example the dry epochs of the 1340s–1360s, 1750s–
1760s, 1870s, and 1970s–1990s, and the wet epochs of
the 1500s–1520s, 1580s–1590s, 1610s–1620s, 1710s–1730s,
and 1930s–1950s (see Fig. 4a and Table 1). Shorter but se-
vere well-known drought epochs can also be observed from
the PDSIM dataset, such as the Strange Parallels drought
of 1756–1768 and the late Victorian Drought of 1876–1878
(Cook et al., 2010). The droughts associated with the known
historical El Nĩno events of 1877–1878, 1888–1889 and
1918–1919 (Cook et al., 2010; Buckley et al., 2010) are also
clearly visible in PDSIM (Fig. 4a). It should be noted, how-
ever, that the above studies focused on smaller regional scales
or in different locations in mainland Southeast Asia and none
of them analysed these dry and wet epochs at a river basin
scale. Neither did they focus on changes in interannual vari-
ability of hydrometeorological conditions.
The PDSIM also suggested that the post-1950 period has
experienced a significant increase in the occurrence of dry
years (PDSI<−2) (Fig. 4a). The literature also reports sig-
nificant drought years in recent decades. For example, signif-
icant meteorological or hydrological droughts were experi-
enced in 1992, 1993, 1998, 1999, and 2003–2005 (Te, 2007;
MRC, 2010). The PDSIM data agree with these findings for
most of those years. The years 1992, 1993, 1998, 2003, and
2005 ranked as the 1st, 4th, 2nd, 97th, and 5th driest years,
respectively, over the whole period 1300–2005.
The analyses on PDSIT and PDSIM also revealed that the
interannual variability has increased in recent decades, and
that the level of variability in the post-1950 period was the
highest experienced during the entire study period (Fig. 4c
and Table 2). This finding is in line with the findings of Del-
gado et al. (2010, 2012), who found increased discharge vari-
ability in the second half of 20th century. Much of the in-
creased variability observed in PDSIST and PDSIM occurred
in ENSO wavelengths of 2–7 yr (Figs. 3 and 4b). Therefore,
we further used Multivariate ENSO Index (MEI.ext) (Wolter
and Timlin, 2011) to investigate the relationship between
ENSO and PDSIST and discharge.
5.3 The role of ENSO in increased hydrometeorological
and discharge variability in the Mekong
We performed CWT on average December-January-
February months of MEI.ext (MEIDJF) and WCO between
MEIDJF and discharge and MEIDJF and PDSIST (Fig. 5).
The December-January-February months of ENSO have
been found to correlate well with the Mekong’s discharge
(Räs̈anen and Kummu, 2013) and have also been used in
long-term and large scale analyses of ENSO variability
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Fig. 5. Comparison of the relationship of discharge and basin aver-
aged PDSI for Stung Treng catchment area (PDSIST) to December-
January-February average of the Multivariate El Niño Southern
Oscillation Index (MEIDJF): (A) continuous wavelet transform
(CWT) of MEIDJF; (B) wavelet coherency (WCO) of discharge
and MEIDJF; and (C) WCO of PDSIST and MEIDJF. In tile A,
the increase in the power of the signal is shown in colour change
from blue towards red and in tiles B and C the colour change from
blue towards red indicates increasing coherence between PDSIST
and QST. Statistically significant (5 %) areas are marked with a
black line. The significance test of CWT (tile A) must be viewed
with caution since the assumptions of the test are not fully met as
MEIDJF was found to follow an AR(5) process which is against the
AR(1) assumption. The arrows in tile C indicate the phase differ-
ence (i.e. timing difference) between PDSIST and discharge:→ in
phase;←anti phase;↑ discharge leading PDSIST by 90°; and↓
PDSIST leading discharge by 90°.
(D’Arrigo et al., 2005; Ward et al., 2010). The CWT of
MEIDJF (Fig. 5a), WCO between MEIDJF and discharge
(Fig. 5b), and WCO between MEIDJF and PDSIST (Fig. 5c),
suggest that much of the variability in PDSIST and discharge
on wavelengths of 2–7 yr is associated with ENSO activity.
These ENSO periods with high power (Fig. 5a) coincide
rather well with the periods with high power in the CWT of
PDSIST and discharge (see Fig. 3a, b). The WCOs (Fig. 5b,
c) confirm ENSO’s relationship with PDSIT and discharge.
Significant co-variation can be observed especially around
the 1920s and from the 1970s onwards, but the PDSIST
seem to have somewhat stronger coherence with ENSO than
the discharge. CWT and WCOs related to ENSO (Fig. 5)
also reveal that the periodicities with wavelengths of 2–4 yr
have increased in the post-1960 period, suggesting increased
ENSO related variability in the Mekong. The linear corre-
lations also support this finding. The correlation between
MEIDJF and discharge, and MEIDJF and PDSIST, for the
period 1910–2005 were−0.31 (p = 0.010) and −0.44
(p < 0.001), respectively. In the 1980–2005 period, when
the ENSO signal in the Mekong became more significant,
the correlations between MEIDJF and discharge and MEIDJF
and PDSIST were−0.66 (p < 0.001) and−0.65 (p < 0.001),
respectively.
The findings on ENSO–Mekong relationship are in line
with the findings of R̈as̈anen and Kummu (2013) and Darby
et al. (2013), who found strengthened ENSO discharge re-
lationship in the post-1980 period in the Mekong. ENSO is
also known to have become more variable in the most recent
decades (Yu et al., 2012; D’Arrigo et al., 2005; Cobb et al.,
2013). The PDSIM further revealed high levels of interannual
variability in the early 1700s (Fig. 4c) and this variability was
associated partly to ENSO wavelengths (Fig. 4b). The early
1700s period is known to have experienced increased ENSO
activity (D’Arrigo et al., 2005). Altogether, the findings sug-
gest that the basin averaged PDSI derived from MADA is
a good proxy for climate variability induced by ENSO, and
much of the increased variability of the recent decades is as-
sociated with increased ENSO activity (Fig. 4b).
5.4 Future research directions
The basin-wide approach developed in this paper proved to
be a suitable approach for studying the long-term hydromete-
orological variability in the Mekong River basin. The MADA
dataset (Cook et al., 2010), which our approach is partly
based on, covers the whole of monsoon Asia and therefore
our approach can be easily transferred to other river basins
in the region. There are, however, some issues that could
be further examined and developed in our approach, based
on the experience from the Mekong. Firstly, the original
MADA is derived from a set of tree ring chronologies with
heterogeneous temporal coverage, which means that fewer
tree ring chronologies have been used as predictors for PDSI
in the earlier parts of the data period (Cook et al., 2010).
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Therefore, it should be further examined whether the hetero-
geneous temporal distribution of predictors affects the vari-
ance characteristics in MADA. Secondly, although ENSO
was captured well by the approach, it should be studied fur-
ther to understand how well it captures the variability of other
known atmosphere and ocean related oscillations, such as
Pacific Decadal Oscillation and Indian Ocean Dipole, and
the different components of the Asian monsoon. Thirdly, the
MADA could be investigated at a single grid scale to under-
stand how well it describes more localised hydrometeorolog-
ical conditions. Fourthly, the developed basin-wide approach
could contribute to future climate change studies by bringing
a broader time perspective to the analyses and by providing
a means for studying the long-term discharge variability. For
example, there has been limited evidence on climate change
induced discharge variability (IPCC, 2012), and future cli-
mate change projections often suggest large uncertainties in
the direction of climate change impacts on river discharges
(e.g. in the Mekong see, Kingston et al., 2011; Lauri et al.,
2012).
6 Conclusions
In this paper, our aim was to develop an approach based
on the Monsoon Asia Drought Atlas (MADA) for examin-
ing the recent interannual variability of hydrometeorological
conditions and river discharge, at a river basin scale, in the
perspective of long-term variability. To achieve that, we de-
veloped a basin-wide Palmer Drought Severity Index (PDSI)
from MADA, validated this index with measured discharge,
and examined the variability of hydrometeorological condi-
tions and river discharge in a palaeoclimatological context
over the period of 1300–2005. For this, we used the Mekong
River basin as a case study area.
We found the basin-averaged PDSI derived from MADA
to be a good proxy for detecting patterns in interannual vari-
ability and long-term average discharge conditions in the
Mekong. Our approach provides a tool for studying river
basin hydrometeorology and river discharge on palaeologi-
cal time scales in any large basin in Monsoon Asia. The ap-
proach contributes especially to an improved understanding
of discharge variability, by providing a long-term time per-
spective in which recent and projected future climate changes
can be placed.
Specific to the Mekong, our case study results showed that
the Mekong’s hydrometeorological conditions have varied at
multi-annual, decadal and centennial scales during the study
period of 1300–2005. A distinct feature of the Mekong’s
hydrometeorological conditions is that they have varied be-
tween wetter and drier epochs with multi-annual and decadal
lengths. Furthermore, two periods of increased interannual
variability between wet and dry years were discovered, dis-
tinct features being the high occurrence of very dry years.
The first period occurred in the early mid-17th century and
the second in the post-1950 period. The interannual vari-
ability during the latter period was significantly higher than
elsewhere in the whole study period. The increased interan-
nual variability is associated with increased ENSO activity
on wavelengths of 2–7 yr, but other sources of variability and
their role were not examined. In summary, the data show
that the Mekong has experienced exceptional hydrological
times during recent decades. If variability continues to in-
crease, this could affect ecosystems and societal functions in
the Mekong Basin. For example, the productivity of aquatic
ecosystems and agriculture is closely linked to hydromete-
orological variability, and moreover, the design of existing
infrastructure is based on past, observed, climate conditions.
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